Topological insulators (TIs) present a neoteric class of materials, which support delocalised, conducting surface states despite an insulating bulk. Due to their intriguing electronic properties, their optical properties have received relatively less attention. Even less well studied is their behaviour in the nanoregime, with most studies thus far focusing on bulk samples -in part due to the technical challenges of synthesizing TI nanostructures. We study topological insulator nanoparticles (TINPs), for which quantum effects dominate the behaviour of the surface states and quantum confinement results in a discretized Dirac cone, whose energy levels can be tuned with the nanoparticle size.
Topological insulators (TIs) present a neoteric class of materials, which support delocalised, conducting surface states despite an insulating bulk. Due to their intriguing electronic properties, their optical properties have received relatively less attention. Even less well studied is their behaviour in the nanoregime, with most studies thus far focusing on bulk samples -in part due to the technical challenges of synthesizing TI nanostructures. We study topological insulator nanoparticles (TINPs), for which quantum effects dominate the behaviour of the surface states and quantum confinement results in a discretized Dirac cone, whose energy levels can be tuned with the nanoparticle size.
The presence of these discretized energy levels in turn leads to a new electron-mediated phonon-light coupling in the THz range. We present the experimental realisation of Bi 2 Te 3 TINPs and strong evidence of this new quantum phenomenon, remarkably observed at room temperature. This system can be considered a topological quantum dot, with applications to room temperature THz quantum optics and quantum information technologies.
Topological nanophotonics is an emerging discipline that aims to control light at the nanoscale using topological states [1] . Topological insulators are 3D materials which are insulating in the bulk but host topologically protected, conducting surface states [2] [3] [4] [5] . These surface states display a linear dispersion relation, seen as a Dirac cone which bridges the bulk band gap. The Dirac cone can only be opened by breaking time-reversal symmetry, making these states remarkably robust to perturbations such as material defects and stray (nonmagnetic) fields. These surface states also do not exhibit back scattering. Pioneering work [6, 7] has studied topological insulator particles, which are finite systems exhibiting the same level of topological protection as their continuous counterparts [8] . In a bulk sample, only * marie.rider@ic.ac.uk † www.GianniniLab.com
FIG. 1. Small topological insulator nanoparticles: (a)
Schematic of TINP of radius R irradiated with light, illustrating bulk states and surface states which decay into the bulk with a length scale ∼Å. (b) For small TINPs (R <100 nm) the Dirac cone becomes discretized with the position of energy levels inversely scaling with R.
a small number of atoms in the material contribute to surface state behaviour and so topological effects are notoriously weak. By studying these materials in the nanoregime, there is an enhanced surface area to bulk ratio, and a larger proportion of atoms participate in the surface physics. This results in a pronounced topological contribution to the electronic and optical properties of the system. Some nanostructures (such as nanoribbons and thin films [9] ) can already be reliably produced, but spherical TINPs (whose surface to volume ratio is maximal whilst maintaining a true 3D 'bulk') have so far proved challenging (a schematic of a TINP and its bulk and surface states is given in FIG. 1a) . As shown by Siroki et al. [10] , in the case of small (5 < R/nm < 100 ) TINPs the continuous Dirac cone becomes discretized due to finite size effects, giving a set of discrete energy levels much like those in a quantum dot. The discretized energy levels of the surface states are equally spaced, with energies inversely proportional to R (as illustrated schematically in FIG.  1b) . When irradiated with THz light, a transition between two of these topological, delocalised surface states occurs within the same frequency range as a bulk phonon excitation, resulting in a strong Fano resonance, referred to as the surface topological particle (SToP) mode [10] . This is a purely quantum mechanical feature of the system, and the asymmetric profile of this resonance creates a point of zero-absorption when the energy spacing of the surface states is matched by the incident light, meaning that remarkably, the excitation of a single electron occupying a topological surface state can shield the bulk from the absorption of incoming light. This mode has been theoretically predicted [10] , but had not been experimentally observed until the present work. Light-matter interactions in nanoparticles requiring a quantum mechanical approach have attracted much attention in quantum plasmonics in recent years [11] , and TINPs made of materials such as Bi 2 Te 3 present a promising extension of this field.
Bi 2 Te 3 has a layered crystal structure with quintuple covalently-bonded Te-Bi-Te-Bi-Te layers stacked along the c-axis and therefore can be easily produced in the form of two-dimensional sheets via physical [12] or wet-chemical methods [13] . In order to suppress preferential formation of anisotropic two-dimensional structures unavoidable in the direct solution-phase synthesis due to the high reactivity of Bi salts, spherical Bi 2 Te 3 nanoparticles were synthesised using a two-stage reaction analogously to Ref [14] . Briefly, the growth involved the reduction of Bi ions by organic primary amine in an inert atmosphere leading to the formation of spherical Bi nanoparticles and followed by tellurisation of the produced Bi nanospheres in trioctylphosphine telluride solution. Transmission electron microscopy (TEM) images shown in FIGs. 2a and 2b are representative images of the ensembles of Bi and Bi 2 Te 3 nanoparticles respectively. The Bi nanoparticles are nearly spherical with radius of 14.4±2.3 nm, while upon tellurisation the shape of Bi 2 Te 3 nanoparticles changes to slightly rhombohedral with a larger average radius of 17.5 nm (standard deviation 1.8 nm) due to the inclusion of tellurium species. Powder X-ray diffraction (XRD) patterns of both intermediate Bi and final Bi 2 Te 3 nanoparticles clearly demonstrate a phase change accompanied by a significant shift of the diffraction peaks to the higher angles corresponding to smaller interplanar distances of the rhombohedral Bi 2 Te 3 lattice (FIG. 2c) . A more detailed experimental method is provided in Appendix A.
In the theoretical treatment of a Bi 2 Te 3 TINP and incoming THz light of frequency ω/2π, we treat the bulk behaviour classically with a bulk dielectric function and the surface states are treated quantum mechanically. We focus on Bi 2 Te 3 but the following analytic results are valid for other materials within the Bi 2 Te 3 family given the correct parameter substitutions. We work in the limit in which the particle radius R is much smaller than the wavelength of incoming light R λ. The bulk dielectric function of Bi 2 Te 3 is a rank 2 tensor and to treat the system analytically we take (ω) as a diagonal matrix with principle components [ ⊥ (ω), ⊥ (ω), (ω)] and all other components equal to 0.
(ω) gives the dielectric function along the c-axis of the material, while ⊥ (ω) is the dielectric function in both axes perpendicular to the c-axis. Each principle component is of the form
which contains contributions from α and β transverse phonons and free charge carriers (denoted by f) arising from bulk defects. The parameters (given in TABLE I) for (ω) have been determined by fitting to experimental data for samples illuminated with light propagating along the c-axis of the material [15] , and measured at 300 K. The real and imaginary parts of (ω) are plotted in FIG. 3a with blue and orange lines respectively. To present a transparent analysis, the following theoretical study only considers the contribution to the TINP optical response from (ω). We also expect a contribution from ⊥ (ω) (and so should average over all three material axes), but due to limited reliable ⊥ (ω) data, we present theoretical results derived using only (ω). Considering the material isotropic in this manner does not affect the conclusions of this work. However for reference, the plot of (ω) in FIG. 3a is annotated with vertical lines denoting the α and β phonon frequencies for both (ω) and ⊥ (ω). For (ω), the resonance frequencies for the α and β phonons are 1.56 THz and 2.85 THz respectively (as given in TABLE I), whilst for ⊥ (ω), the frequencies used are 2.8 THz and 3.5 THZ respectively [16] .
The energy levels residing in the Dirac cone are evenly spaced, with energies increasing away from the Γ-point in integer values of A/R. A = 2.0 eVÅ is a materialdependent quantity, given by the matrix element of mo- [15] ). ωp,j, ω0,j and γj denote the amplitude, resonance frequency and harmonic broadening parameters for each mode.
mentum calculated for a four band model Hamiltonian of Bi 2 Te 3 and averaged over three axes, calculated by a density functional theory approach and taken from Liu et al [17] and discussed in more detail in Appendix B. The absorption cross-section for a spherical particle suspended in a transparent material (in our case, mineral oil for which n oil = 1.47 and oil = 2.16) is calculated from the imaginary component of the particle polarizability α 0 , such that σ abs = k 0 Im{α 0 } and is given by [10] σ abs (ω) = 4πR
where, for E F = A/R (meaning with all states with energy up to and including A/R are occupied), the δ R contribution is given by
The δ R term is the contribution to the particle polarizability from the topological delocalised surface states, in which transitions occur between the quantized energy levels of the discretized Dirac cone resulting in a modified surface charge density. The derivation of this term can be found in the supplementary material of reference [10] . For any Fermi level that resides in the band gap but does not fall within ±A/R, the dominant δ R contribution to the absorption cross-section is given by a transition between two energy levels differing by A/R. In the absence of surface states (such as by applying a magnetic field term and thus destroying the surface states), δ R = 0 and we return to the usual solution of a dielectric sphere in a constant electric field. For a given Fermi level, δ R varies only with R and ω. In FIG. 3b , we plot the theoretically expected absorption cross-sections of TINPs with E F = A/R and radii 20, 25 and 30 nm respectively. Each cross-section has a characteristic shape of three peaks, corresponding to the β phonon mode, a localised surface plasmon-polariton (LSPP) mode, and the SToP mode. A point of zero absorption can be seen for each SToP mode, at which point a single electron in a Dirac state shields the bulk from absorbing incoming light. The R and ω dependence of the absorption cross-section is illustrated in FIG. 3d , where the LSPP and β modes can clearly be seen, and both the SToP peak and trough of zero absorption can be seen. The δ R term in Equation 3 has no dependence on the dielectric function of either the topological material or the mineral oil, but is affected by the A value. The peak in absorption due to the topological term will experience a shift dependent on which material is being used. For example, the SToP peak for a R=20 nm TINP made of Bi 2 Te 3 and Fermi level E F = A/R will occur at 2.21 THz, whereas for a Bi 2 Se 3 TINP of the same radius (with A=3.0 eVÅ [17] , as studied in the original work by Siroki et al. [10] ) the peak will occur at 3.1 THz. Sensitivity of σ abs with variation in A is discussed more in Appendix B.
For −A/R < E F < A/R, the dominant transition is between energy levels directly below and above the Fermi-level, of energy 2A/R.
FIG. 3c shows σ abs /πR 2 for a particle R = 40 nm, at the two Fermi levels E F = A/R and E F = 0. While the bulk modes remain in the same positions, we see a shift in the SToP mode peaks. The behaviour of the SToP mode and zero absorption trough can be seen in  FIG. 3e . Although we do not know the precise Fermi level of each TINP in the sample, for particles whose Fermi level resides in the band gap (and thus contribute to the SToP mode peak in the absorption cross-section) it is most likely that transitions are occurring between energy levels separated by A/R rather than 2A/R. In FIG. 4 , we show the experimental absorption cross-section (solid black line) of Bi 2 Te 3 TINPs (of average radius 17.5 nm, standard deviation 1.8 nm) suspended in mineral oil, measured at 300 K. The vertical dotted lines denote the four phonon frequencies (α , β , α ⊥ , β⊥) corresponding to the two bulk dielectric functions and ⊥ respectively. By performing a Lorentzian decomposition (using six Lorentz contributions yielding a fit error of 0.16%, whereas using four, five or seven peaks results in a fit error of 5.18%, 1.32% or 31.64% respectively) it can be seen that two of the Lorentz peaks (in blue) correspond to peaks to the right of each β phonon frequency (at 2.95 THz and 3.77 THz respectively, in comparison to β phonon frequencies of 2.85 THz and 3.5 THz respectively). Crucially, there are two Lorentz peaks (in red) which do not correspond to α or β modes for any material axis. It cannot be entirely excluded that one of the peaks is the LSPP mode from the ⊥ contribution to the absorption, due to low confidence in the available data. However the origin of at least one of the peaks cannot be attributed to bulk properties. α modes are typically over-damped and so are dark modes and are not seen in the absorption cross-section. This can be seen easily from the dielectric function for Bi 2 Te 3 depicted in FIG. 3a, where the very large value of Im[ (ω)] at the α phonon frequency will result in a very small contribution to σ abs (given in equation 2) at this frequency, plotted in FIGs 3b-e .
No bulk modes are expected in the frequency range between the α and α ⊥ frequencies, and so we conclude that at least one of the unexpected peaks observed in the experimental are contributions from the topological surface states. The presence of two unexpected peaks is most likely due to separate resonances from incoming light aligning randomly with the axes of the Bi 2 Te 3 crystal structure so there will be contributions from both and ⊥ , although as previously explained, one of the peaks could be the LSPP mode from ⊥ . The modes seen in the experiment are much less visible than those found in theory, in part due to temperature smearing as the experiment operates at room temperature (∼ 6 THz), where the probability of finding a level empty in our system it is low. This could be remedied by studying a TI with a bigger band gap and/or smaller particles. Due to this and other experimental considerations (such as spread of R values for the nanoparticles in the sample, non-spherical particles -which is studied in more detail in Appendix C) all of which will cause minor shifts or spreading of peaks in the absorption cross-section, the simple theory model in this paper is not expected to capture the quantitative results of the experiments, but qualitative agreement appears to be good. It should also be noted that in our theory approach we consider a single electron problem, and although this should be a good approximation due to the high level of delocalization of the electrons on the TINP surface, some deviation can be expected.
We conclude from this experimental comparison with the theory model that we have successfully observed the SToP mode in Bi 2 Te 3 nanoparticles, which was theoretically predicted in [10] . SToP modes represent the realization of topological quantum dots that could have a disruptive role in quantum optics and as THz sources.
In a standard synthesis, 114 mg of bismuth acetate (Bi(CH 3 COO) 3 , 99% Aldrich) and 3.5 mL of 1-dodecanethiol (DDT, 98% Aldrich) were mixed in a three-neck flask and heated to 45
• C under vacuum and kept at this temperature until a transparent pale-yellow solution is formed. Then the flask was flashed with nitrogen and heated to 60
• C and 6.5 mL of oleylamine (OlAm, 70%, Aldrich) was quickly added. After 24 hours the as-prepared bismuth nanoparticles were used without any further purification. For tellurisation 0.45 mL of 1M trioctylphosphine telluride (TOP:Te) was injected at 60
• C into the solution containing bismuth nanoparticles. The reaction mixture was kept at this temperature for 48 hours until complete tellurisation and then annealed at 110
• C for 8 hours in order to restore crystallinity. Thus produced Bi 2 Te 3 nanoparticles were washed three times with ethanol and then redispersed in chloroform. For THz measurements solvent was exchanged to mineral oil. Minimal projection will be the surface of one side, 4a 2 and average projection is 6a
2 . (b) Projection of a sphere of radius R has both minimal and average projection of πR 2 . For particles of the same volume, the cube will have a larger average projection.
